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ABSTRACT
We present the first high-resolution spectroscopic study on the Orphan Stream for five stream can-
didates, observed with the Magellan Inamori Kyocera Echelle (MIKE) spectrograph on the Magellan
Clay telescope. The targets were selected from the low-resolution catalog of Casey et al. (2013a):
3 high-probability members, 1 medium and 1 low-probability stream candidate were observed. Our
analysis indicates the low and medium-probability target are metal-rich field stars. The remaining
three high-probability targets range over ∼1 dex in metallicity, and are chemically distinct compared
to the other 2 targets and all standard stars: low [α/Fe] abundance ratios are observed, and lower
limits are ascertained for [Ba/Y], which sit well above the Milky Way trend. These chemical signatures
demonstrate that the undiscovered parent system is unequivocally a dwarf spheroidal galaxy, consis-
tent with dynamical constraints inferred from the stream width and arc. As such, we firmly exclude
the proposed association between NGC 2419 and the Orphan stream. A wide range in metallicities
adds to the similarities between the Orphan stream and Segue 1, although low [α/Fe] abundance ratios
in the Orphan stream are in tension with high [α/Fe] values observed in Segue 1. Open questions
remain before Segue 1 could possibly be claimed as the ‘parent’ of the Orphan stream. The parent
system could well remain undiscovered in the southern sky.
Subject headings: Galaxy: halo, structure — Stars: Population II, late-type, abundances
1. INTRODUCTION
A prolonged, quiescent period followed the creation of
the Universe. Eventually, minuscule dark matter den-
sity perturbations initiated the collapse of dark matter,
forming gravitational potential wells and giving rise to
the condensation of primordial gas clouds (e.g., Eggen
et al. 1962). This process furnished the Universe with
the earliest building blocks, laying the foundation for cos-
mological structure. Separate building blocks (i.e., gas
fragments) underwent independent chemical enrichment
before conglomerating to form larger systems. Evidence
of this hierarchical formation (Searle & Zinn 1978) re-
mains observable today through the accretion of satellite
systems onto the Milky Way halo. Although the for-
mation history of the Galaxy is tangled and chaotic, it
serves as an excellent – and more importantly, accessible
– laboratory to investigate the evolution of the Universe
since the earliest times.
Many stars in our Galaxy have formed in-situ, but a
significant fraction have also been added through the ac-
cretion of smaller systems onto the Milky Way (for a
review see Helmi 2008). As these satellite systems move
in towards the Galaxy’s gravitational potential, they are
disrupted by tidal forces, causing loosely gravitationally
bound stars to be strewn in forward and trailing direc-
tions as tidal tails or ‘stellar streams’. The observational
evidence for ongoing accretion has significantly increased
in the last decade since the discovery of the Sagittarius
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dwarf spheroidal undergoing tidal disruption (Ibata et al.
1994; Belokurov et al. 2007; Bell et al. 2008; Starkenburg
et al. 2009; Deason et al. 2012; Drake et al. 2013).
Amongst the known substructures in the halo, the Or-
phan stream is particularly interesting. Grillmair (2006)
and Belokurov et al. (2006) independently discovered the
stream, spanning over 60◦ in the sky from Ursa Major in
the north to near Sextans in the south, where the SDSS
coverage ends. The stream has properties that are unique
from other halo substructures. It has an extremely low
surface brightness, ranging from 32-40 mag arcsec−2, and
a full width half-maximum of ∼2◦ on sky. At a dis-
tance of ∼20 kpc (Belokurov et al. 2007; Grillmair 2006),
this corresponds to ∼700 pc. The cross-section and lu-
minosity of the stream are directly related to the mass
and velocity dispersion of the parent satellite (Johnston
1998). The Orphan stream width is significantly broader
than every known globular cluster tidal tail (Odenkirchen
et al. 2003; Grillmair & Johnson 2006; Grillmair & Dion-
atos 2006a,b) and larger than the tidal diameter of all
known globular clusters (Harris 1996, 2010 edition). As
Grillmair (2006) notes, if the cross-section of the stream
is circular, then in a simple logarithmic potential with
vc = 220 km s
−1 – a reasonable first-order approximation
for the Milky Way – the expected random velocities of
stars would be required to be
√〈σ2v〉 > 20 km s−1 in order
to produce the stream width. Such a velocity dispersion
is significantly larger than the expected random motions
of stars that have been weakly stripped from a globular
cluster, implying that the Orphan stream’s progenitor
mass must be much larger than a classical globular clus-
ter. Photometry indicates the stream is metal-poor, im-
plying that negligible star formation has occurred since
infall began several billion years ago. For a stream of
this length to remain structurally coherent over such a
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long timescale, the progenitor is also likely to be dark-
matter dominated. In their discovery papers, Grillmair
(2006) and Belokurov et al. (2007) concluded that the
likely parent of the Orphan stream is a low-luminosity
dwarf spheroidal (dSph) galaxy.
Newberg et al. (2010) were able to map the distance
and velocity of the stream across the length of the SDSS
catalogue using blue horizontal branch (BHB) and F-
turnoff stars. They found the stream distance to vary be-
tween 19-47 kpc, extending the 20-32 kpc distance mea-
surements made by Belokurov et al. (2007), and has been
extended to 55 kpc by Sesar et al. (2013). Newberg et al.
(2010) note an increase in the density of the Orphan
stream near the celestial equator (l, b) = (253◦, 49◦),
proposing the progenitor may be close to this posi-
tion. The authors attempted to extend their trace of
the stream using southern survey data (e.g. SuperCOS-
MOS Hambly et al. 2001), but to no avail; the stream’s
surface brightness is lower than the survey faint limit.
It is still unclear whether the stream extends deep into
the southern sky. Newberg et al. (2010) observe an in-
crease in surface brightness near the celestial equator,
but given the stream is closest near the celestial equator
(Belokurov et al. 2007), an increase in stream density
may be expected given a constant absolute magnitude.
Nevertheless, with SDSS photometry and radial veloc-
ities from the SEGUE catalog, Newberg et al. (2010)
were able to derive a prograde orbit with an eccentricity,
apogalacticon and perigalacticon of e = 0.7, 90 kpc and
16.4 kpc respectively. The ability to accurately trace the
Orphan stream to such extreme distances would make a
powerful probe for measuring the galactic potential (e.g.
see Price-Whelan & Johnston 2013). From their simula-
tions, Newberg et al. (2010) find a halo and disk mass of
M(R < 60 kpc) = 2.6×1011M, and similarly Sesar et al.
(2013) find 2.7×1011M, which is ∼60% lower than that
found by Xue et al. (2008) and Koposov et al. (2007), and
slightly lower than the virial mass of 7×1011M derived
by Sales et al. (2008).
Metallicities derived from SEGUE medium-resolution
spectra confirm photometric estimates indicating that
the stream is metal-poor. A mean metallicity of [Fe/H]=
−2.1±0.1 dex is found from BHB stars, with a range ex-
tending from −1.3 to ∼ −3 dex (Newberg et al. 2010).
Sesar et al. (2013) also find a wide range in metallicities
by tracing RR Lyrae stars along the stream: [Fe/H] =
−1.5 to −2.7 dex. However if F-turnoff stars from the
Newberg et al. (2010) sample are included, the metal-
licity distribution function extends more metal-rich from
∼ −3 to −0.5 dex.
The situation is complicated by interlopers and small
number statistics, so the full shape of the metallicity
distribution function (MDF) is unknown. To this end,
Casey et al. (2013a) observed low-resolution spectroscopy
for hundreds of stars towards the stream at the celes-
tial equator. The authors targeted the less numerous K-
giants (Sales et al. 2008; Morrison 1993, where a mere 1.3
red giant branch stars are expected per square degree)
and found a very weak detection of the stream from kine-
matics alone. Using wide selections in velocity, distance,
proper motions, metallicities, and surface gravity, they
identified nine highly likely Orphan stream giants. The
velocity dispersion of their candidates is within the obser-
vational errors (σv < 4 km s
−1), suggesting the stream is
kinematically cold along the line-of-sight. Like Newberg
et al. (2010) (and independently confirmed by Sesar et al.
(2013)), they also found an extended range in metal-
licities: two stars below [Fe/H] ≤ −2.70 and two stars
near [Fe/H] ∼ −1.17 dex, all of which are consistent with
stream membership. The mean metallicity of their sam-
ple was [Fe/H]= −1.63±0.19 dex, with a wide dispersion
of σ([Fe/H]) = 0.56 dex. It appears the Orphan stream
may have an extremely wide range in metallicity, consis-
tent with the internal chemical enrichment typically ob-
served in dwarf spheroidal (dSph) galaxies (Mateo 1998;
Tolstoy et al. 2009; Kirby et al. 2011; Frebel et al. 2010).
As the name suggests, the Orphan stream’s parent
satellite has yet to be found. In an effort to identify
a progenitor, a number of systems have been identified
as being plausibly associated with the Orphan stream.
These include the linear Complex A H i clouds, as well
as the globular clusters Palomar 1, Arp 2, Terzan 7 and
Ruprecht 106. These systems were all identified along
the great circle path of the stream. The low-luminosity
dwarf satellites Segue 1 and Ursa Major II also lie along
the great circle, although Segue 1 was considered an ex-
tended globular cluster until recently (Norris et al. 2010;
Simon et al. 2011).
Belokurov et al. (2007) first noted a possible associ-
ation between the Orphan stream, Ursa Major II and
Complex A. Jin & Lynden-Bell (2007) and Fellhauer
et al. (2007) explored the possible association between
the Orphan stream with Complex A and Ursa Major
II, respectively. In the best-fitting Complex A model,
the predicted heliocentric velocities did not match those
found by Belokurov et al. (2007), or later observations
by Newberg et al. (2010). The expected distances were
also under-estimated by a factor of ∼ 3 when compared
with observations, making the association with Complex
A tenuous at best. In the Ursa Major II scenario, the
stream’s on-sky position was required to exactly overlap
with a previous wrap, a somewhat contrived and unlikely
scenario. Newberg et al. (2010) found that the Ursa Ma-
jor II-Orphan stream connection was also not compelling,
as the observed stream kinematics were not consistent
with the Ursa Major II model.
Simulations involving the Complex A and Ursa Major
II associations introduced an a priori assumption that the
object (e.g. Ursa Major II or Complex A) was related
to the Orphan stream, and consequently found an orbit
to match. In contrast, Sales et al. (2008) approached
the problem by fitting an orbit to a single wrap of the
data, without assuming a parent satellite a priori. Their
N -body simulations were inconsistent with either a Com-
plex A or Ursa Major II association. Instead, the authors
favor a progenitor with a luminosity L ∼ 2.3× 104L or
an absolute magnitude Mr ∼ −6.4, consistent with the
observation by Belokurov et al. (2007) of Mr ∼ −6.7.
Simulations by Sales et al. (2008) suggest the progenitor
may be similar to the present-day ‘classical’ Milky Way
dwarfs like Carina, Draco, Leo II or Sculptor, but would
be very close to being fully disrupted, which they suggest
has occurred over the last 5.3 gigayear. Time of infall is
a critical inference. Longer timescales produce streams
that are too wide and diffuse, whereas shorter timescales
do not reproduce the ∼ 60◦ stream length. The degen-
eracies between these simulation parameters are impor-
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tant to note, but in any case, there are robust conclusions
that can be drawn irrespective of those degeneracies. For
example, Sales et al. (2008) note that a globular cluster
has a central density too high (∼ 1012M kpc−3) to be
fully disrupted along their Orphan stream orbit within a
Hubble time. Given this constraint, and the lower limit
on luminosity (L > 2 × 105L), a globular cluster pro-
genitor seems unlikely from their models.
In addition to the work by Sales et al. (2008), N -body
simulations by Newberg et al. (2010) exclude all known
halo globular clusters as possible progenitors. They con-
clude with the postulation of two possible scenarios: the
progenitor is either an undiscovered satellite located be-
tween (l, b) = (250◦, 50◦) and (270◦, 40◦), or Segue 1 is
the parent system. Segue 1, an ultrafaint dwarf galaxy
(Simon et al. 2011; Norris et al. 2010), resides at a simi-
lar distance (∼23 kpc) along the great circle path of the
Orphan stream. Segue 1 also shares velocities that are
consistent with the Orphan stream at its nearest point.
Moreover, both Segue 1 and the Orphan stream exhibit
low velocity dispersions: on the order of ∼4 km s−1. The
similarities in position, distance, and velocities between
the two systems are indeed striking. However, it is not
the only system alleged to be associated with the Orphan
stream.
Given the extended apogalaction of 90 kpc in the
stream orbit found by Newberg et al. (2010), Bru¨ns &
Kroupa (2011) reasoned the stream may be the tidal tail
of the massive globular cluster NGC 2419. This sys-
tem is the most distant and luminous outer halo glob-
ular cluster known (∼85 kpc, MV = −9.6). It is unlike
any other globular cluster in the Milky Way. Spectro-
scopic studies have confirmed photometric observations
by Racine & Harris (1975) that the system is metal-
poor ([Fe/H] = −2.15), and identified a remarkable anti-
correlation between Mg and K abundances (Cohen et al.
2011; Mucciarelli et al. 2012). The level of magnesium
depletion ([Mg/Fe] > −1.40) is not seen anywhere else
in the Galaxy or its satellite systems, neither is the en-
hanced potassium enrichment (up to [K/Fe] = 2) at the
opposite end of this peculiar Mg-K anti-correlation. If
NGC 2419 is the parent of the Orphan stream, then this
unprecedented chemical signature ought to exist in dis-
rupted stream members as an example of chemical tag-
ging (e.g., see Freeman & Bland-Hawthorn 2002; De Silva
et al. 2007; Wylie-de Boer et al. 2010; Majewski et al.
2012).
In this study, we present an analysis of high-resolution
spectroscopic observations for five Orphan stream candi-
dates. The observations and data reduction are outlined
in Section 2. In Section 3 we describe the details of our
analysis to infer stellar parameters and chemical abun-
dances. We discuss our results in Section 4, including the
implications for association between the Orphan stream
and the two currently alleged stream progenitors: Segue
1 and NGC 2419. Finally, we conclude in Section 5 with
a summary of our findings.
2. OBSERVATIONS AND DATA REDUCTION
High-resolution spectra for five Orphan stream candi-
dates and seven well-studied standard stars have been
obtained with the Magellan Inamori Kyocera Echelle
(MIKE) spectrograph (Bernstein et al. 2003) on the Mag-
ellan Clay telescope. These objects were observed in
March 2011 using a 1′′ wide slit in mean seeing of 0.9′′.
This slit configuration provides a continuous spectral
coverage from 333 nm to 915 nm, with a spectral reso-
lution of R = 25, 000 in the blue arm and R = 28, 000 in
the red arm. A minimum of 10 exposures of each calibra-
tion type (biases, flat fields, and diffuse flats) were ob-
served in the afternoon of each day, with additional flat-
field and Th-Ar arc lamp exposures performed through-
out the night to ensure an accurate wavelength calibra-
tion. The details of our observations are tabulated in Ta-
ble 1. The signal-to-noise (S/N) ratio for the standard
stars exceeds 200 per pixel, and varies between 30-60 for
the Orphan stream candidates.
The candidates were chosen from the low-resolution
spectroscopic study of Casey et al. (2013a). From their
classification, three of the selected stream candidates
have high probability of membership to the Orphan
stream. One target was classified with medium probabil-
ity, and another with a low probability of membership.
Initially we planned to observe many more high-
priority targets. However, after our last exposure of
target star OSS 18, inclement weather forced us to re-
linquish the remainder of our observing time. The data
were reduced using the CarPy pipeline written by D. Kel-
son4. Every reduced echelle aperture was carefully nor-
malised using cubic splines with defined knot spacing.
Extracted apertures were stacked together and weighted
by their inverse variance to provide a continuous nor-
malised spectrum for each object.
3. ANALYSIS
Each normalised, stitched spectrum was cross-
correlated against a synthetic template to measure the
radial velocity of each star. This was performed us-
ing a Python5 implementation of the Tonry & Davis
(1979) method. The wavelength region employed was
from 845 ≤ λ ≤ 870 nm, and a synthetic spectrum of a
metal-poor giant was used as the rest template. Helio-
centric corrections have been applied to our radial veloc-
ity measurements, and the resultant heliocentric veloci-
ties are shown in Table 1.
Atomic data for absorption lines has been taken from
Yong et al. (2005), and these data are listed with their
measured equivalent widths (EWs) in Table 2. EWs
for all atomic transitions were measured using the auto-
matic profile fitting algorithm described in Casey et al.
(2013b). While this technique is accurate, and robust
against blended lines as well as strong changes in the local
continuum (Frebel et al. 2013; Casey et al. 2013b), every
fitted profile was visually inspected for quality. Spurious
or false-positive measurements were removed and of or-
der ∼5 EW measurements (of 528 atomic transitions in
our line list6) were manually re-measured for each object.
We excluded transitions with reduced equivalent widths
(REW), log(EW/λ) > −4.5, in order to avoid using lines
near the flat region of the curve-of-growth.
Given the range in metallicities for the Orphan stream
candidates (see Section 3.1.4), these restrictions resulted
4 http://obs.carnegiescience.edu/Code/mike
5 http://www.python.org
6 Although our final line list includes atomic data for 528 tran-
sitions, we have omitted data for 17 transitions from Table 2 as
they were not significantly detected in any stars. See Section 3.3
for details.
4 Casey et al
TABLE 1
Observations
Objecta α δ V b UT Date UT Time Airmass Exp. Time S/Nc Vhel Verr
(J2000) (J2000) (mag) (secs) (px−1) (km s−1) (km s−1)
HD 41667 06:05:03.7 −32:59:36.8 8.52 2011-03-13 23:40:52 1.01 90 272 297.8 1.0
HD 44007 06:18:48.6 −14:50:44.2 8.06 2011-03-13 23:52:18 1.03 30 239 163.4 1.3
HD 76932 08:58:44.2 −16:07:54.2 5.86 2011-03-14 00:16:47 1.16 30 289 119.2 1.2
HD 122563 14:02:31.8 +09:41:09.9 6.02 2011-03-13 07:15:04 1.28 30 230 –23.4 1.0
HD 136316 15:22:17.2 −53:14:13.9 7.65 2011-03-14 09:37:26 1.12 90 335 –38.2 1.1
HD 141531 15:49:16.9 +09:36:42.5 9.08 2011-03-14 09:52:00 1.31 90 280 2.6 1.0
HD 142948 16:00:01.6 −53:51:04.1 8.03 2011-03-14 09:45:12 1.11 90 271 30.3 0.9
OSS 3 (L) 10:46:50.6 −00:13:17.9 17.33 2011-03-14 01:51:07 1.36 4×2500 48 217.9 1.0
OSS 6 (H) 10:47:17.8 +00:25:06.9 16.09 2011-03-14 00:25:37 2.00 3×1600 59 221.2 1.0
OSS 8 (H) 10:47:30.3 −00:01:22.6 17.25 2011-03-14 04:44:04 1.16 5×1900 49 225.9 1.0
OSS 14 (H) 10:49:08.3 +00:01:59.3 16.27 2011-03-15 00:32:17 1.88 4×1400 48 225.1 1.0
OSS 18 (M) 10:50:33.7 +00:12:18.3 17.82 2011-03-15 02:12:46 1.30 4×2100 31 247.8 1.2
a Probability of membership (Low, Medium, High) listed for Orphan stream candidates as defined by Casey et al. (2013a).
b V –band magnitudes for Orphan stream targets are estimated to be equivalent as g–band magnitudes.
c S/N measured per pixel (∼0.09 A˚ px−1) at 600 nm for each target.
in only 14 Fe i and 4 Fe ii acceptable transitions for our
most metal-poor candidate, OSS 4. With so few lines
available, minute changes in stellar parameters caused
large trends and variations in the Fe line abundances.
This resulted in a poor solution while performing the ex-
citation and ionization equilibria. At this point, we opted
to supplement our line list with transitions from Roederer
et al. (2010). Each additional transition was inspected in
our most metal-rich candidate (OSS 18) to ensure that it
was not blended with other features. Blended transitions
were not added. As a result, the minimum number of ac-
ceptable Fe i and Fe ii transitions for any star increased
to 48 and 12, respectively.
3.1. Stellar Parameters
We employed the 1D plane-parallel model atmospheres
of Castelli & Kurucz (2004) to infer stellar parameters.
These α-enhanced models assume that absorption lines
form under local thermal equilibrium (LTE), ignore con-
vective overshoot and any center-to-limb variations. We
have interpolated within a grid of these model atmo-
spheres following the prescription in Casey et al. (2013b).
3.1.1. Effective Temperature, Teff
Effective temperatures for all stars have been found
by excitation balance of neutral iron lines. Since all EW
measurements were visually inspected, we generally iden-
tified no outlier measurements during this stage. The
most number of Fe i outliers (> 3σ) removed while deter-
mining the effective temperature for any star was three.
For each iteration in temperature, a linear fit was made
to the data (χ, log (Fe i)). This slope was minimized
with successive iterations of effective temperature. Final
slopes less than |10−3|dex eV−1 were considered to be
converged.
The effective temperatures of our standard stars are in
excellent agreement with the literature. On average, our
effective temperatures are 13 K cooler than the references
listed in Table 3. The largest discrepancy exists for HD
122563, a cool metal-poor giant. For extremely metal-
poor stars, effective temperatures found through excita-
tion balance are known to produce systematically cooler
temperatures than those deduced by other methods (e.g.
Frebel et al. 2013). We have chosen to remain consis-
tent with the excitation balance approach, and accept the
systematically cooler temperature of 4358 K. The other
noteworthy temperature deviant is HD 142948, where
we find a temperature 337 K hotter than that found by
Gratton et al. (2000). The reason for this discrepancy is
not obvious.
3.1.2. Microturbulence, ξ
Microturbulence is necessary in 1D model atmospheres
to represent large scale, 3D turbulent motions. The cor-
rect microturbulence will ensure that lines of the same
species that are formed in deep and shallow photospheric
depths will yield the same abundance. We have solved
for the microturbulence by demanding a zero-trend in
REW and abundance for all neutral iron lines. The re-
sultant gradient between REW and abundance is typi-
cally < |0.001|dex, and the largest slope in any star is
–0.004 dex.
3.1.3. Surface Gravity, log g
The surface gravity for all stars has been inferred
through the ionization balance of neutral and single ion-
ized Fe lines. We iterated on surface gravity until the
mean Fe i abundance matched the mean Fe ii abundance
to within 0.01 dex. This process was performed in con-
cert while solving for all other stellar parameters. As
a consequence of a systematically cooler temperature in
HD 122563, we have obtained a somewhat lower surface
gravity for this star, such that it sits above a metal-poor
isochrone on a Hertzsprung-Russell diagram. Modulo
HD 122563, the surface gravities for our standard stars
are in good agreement with the literature: a mean offset
of –0.22 dex is observed (our log g values are lower). This
difference remains within the mutual 1σ uncertainties.
3.1.4. Metallicity, [M/H]
The final stage of iterative stellar parameter anal-
ysis is to derive the total metallicity. For these
analyses we adopt the mean [Fe i/H] abundance
as the overall metallicity [M/H]. A difference of
|[M/H]− 〈[Fe i/H]〉| ≤ 0.01 dex was considered an ac-
ceptable model for the data. Excluding HD 122563, the
mean metallicity difference for all other standard stars is
0.03 dex less than values in the literature, with a standard
deviation of 0.05 dex. When the entire standard sample
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TABLE 2
Equivalent Widths for Standard and Program Stars
Wavelength Species χ log gf HD 41667 HD 44007 HD 76932 HD 122563 HD 136316 HD 141531 HD 142948 OSS 3
(nm) (eV) (mA˚) (mA˚) (mA˚) (mA˚) (mA˚) (mA˚) (mA˚) (mA˚)
630.030 O i 0.00 –9.72 · · · 14.8 · · · 6.8 · · · 38.2 35.4 · · ·
636.378 O i 0.02 –10.16 11.6 · · · · · · · · · 11.6 14.7 12.7 · · ·
568.819 Na i 2.11 –0.42 71.9 30.9 57.4 · · · 29.3 38.1 · · · 55.2
615.423 Na i 2.10 –1.53 10.7 · · · 7.8 · · · · · · 5.2 28.4 · · ·
616.075 Na i 2.10 –1.23 16.6 · · · 13.4 · · · 4.6 7.0 43.4 17.4
Table 2 is published in its entirety in the electronic edition. A portion is shown here for guidance regarding its form and content.
TABLE 3
Stellar Parameters
This Study Literature
Object Teff log g ξ [Fe/H] Teff log g ξ [Fe/H] Reference
(K) (dex) (km s−1) (dex) (K) (dex) (km s−1) (dex)
Standard Stars
HD 41667 4643 1.54 1.81 –1.18 4605 1.88 1.44 –1.16 Gratton et al. (2000)
HD 44007 4820 1.66 1.70 –1.69 4850 2.00 2.20 –1.71 Fulbright (2000)
HD 76932 5835 3.93 1.42 –0.95 5849 4.11 · · · –0.88 Nissen et al. (2000)
HD 122563 4358 0.14 2.77 –2.90 4843 1.62 1.80 –2.54 Yong et al. (2013)
HD 136316 4347 0.44 2.15 –1.93 4414 0.94 1.70 –1.90 Gratton & Sneden (1991)
HD 141531 4373 0.52 2.05 –1.65 4280 0.70 1.60 –1.68 Shetrone (1996)
HD 142948 5050 2.39 1.83 –0.64 4713 2.17 1.38 –0.77 Gratton et al. (2000)
Orphan Stream Candidates
OSS 3 (L) 5225 3.16 1.10 –0.86 · · · · · · · · · –1.31 Casey et al. (2013a)
OSS 6 (H) 4554 0.70 2.00 –1.75 · · · · · · · · · –1.84 Casey et al. (2013a)
OSS 8 (H) 4880 1.71 1.86 –1.62 · · · · · · · · · –1.62 Casey et al. (2013a)
OSS 14 (H) 4675 1.00 2.53 –2.66 · · · · · · · · · –2.70 Casey et al. (2013a)
OSS 18 (M) 5205 2.91 1.88 –0.62 · · · · · · · · · –0.90 Casey et al. (2013a)
is included, these values change to –0.07±0.13 dex. Ac-
knowledging that our systematically low temperature for
HD 122563 has resulted in differing stellar parameters,
the rest of our standard stars exhibit excellent agreement
with previous studies. We note that this effect is likely
significantly smaller for the metal-poor star OSS 14, as
this star is further down the giant branch with an effec-
tive temperature ∼300 K hotter than HD 122563. Thus,
we can be confident in the metallicity determination for
OSS 14.
The offsets in metallicities between the values we de-
rive from high-resolution spectroscopy and those found
by Casey et al. (2013a) from low-resolution spectroscopy
are noticeable. For the high probability targets (OSS 6,
8 and 14) the agreement is excellent: ∆[Fe/H] = +0.04,
0.0, +0.09 dex, respectively. We note that the uncer-
tainties adopted in Casey et al. (2013a) are of the order
±0.3 dex; the discrepancies are well within the 1σ uncer-
tainties of either study. The largest difference between
this study and that of Casey et al. (2013a) is in the lowest
probability target (OSS 3), where we find a metallicity
that is +0.45 dex higher.
It is reassuring that the metallicities of our high prob-
ability stars show the best agreement with the low-
resolution measurements. Candidates were classified by
Casey et al. (2013a) to have a low, medium, or high prob-
ability of membership with the Orphan stream. This
classification was dependent on a number of observables,
including metallicity. However, the metallicity determi-
nations by Casey et al. (2013a) were calculated with the
implied assumption that these stars were at a distance
of ∼20 kpc. The fact that our metallicities from high-
resolution spectra are in excellent agreement with these
initial metallicities indicates that our initial assumption
was correct, and these high probability targets are at the
approximate distance to the Orphan stream.7
3.2. Uncertainties in Stellar Parameters
During excitation and ionization equilibria assess-
ments, each fitted slope has an associated uncertainty
due to the scatter in iron abundances. We have varied
the effective temperature and microturbulence to match
the formal uncertainty in each Fe i slope. Although these
parameters are correlated, we have independently varied
each parameter to reproduce the slope uncertainty.
In order to estimate the uncertainty in log g, the
surface gravity has been adjusted until the mean dif-
ference in Fe i and Fe ii matches the quadrature sum
of the variance in Fe i and Fe ii abundances. These
uncertainties are listed in Table 4 for all standard and
program stars. As these uncertainties are calculated
with the assumption that they are uncorrelated, they
are therefore possibly underestimated. As such we
have assumed a minimum uncertainty of 125 K in Teff ,
0.3 dex in log g and 0.2 km s−1 in ξ. Thus, the adopted
uncertainty for each star is taken as the maximum of
these values and those listed in Table 4.
7 We note that to avoid bias from the low-resolution work of
Casey et al. (2013a), these high-resolution analyses took place with
the information headers removed from each spectrum, and file-
names were re-named to random strings. Original filenames were
cross-matched only after the analysis was complete.
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TABLE 4
Uncorrelated Uncertainties in
Stellar Parameters
Object σ(Teff) σ(log g) σ(ξ)
(K) (dex) (km s−1)
HD 41667 47 0.08 0.05
HD 44007 51 0.08 0.17
HD 76932 61 0.10 0.14
HD 122563 15 0.01 0.07
HD 136316 34 0.02 0.05
HD 141531 40 0.03 0.05
HD 142948 62 0.12 0.09
OSS 3 (L) 73 0.08 0.11
OSS 6 (H) 39 0.04 0.15
OSS 8 (H) 74 0.17 0.23
OSS 14 (H) 51 0.05 0.13
OSS 18 (M) 135 0.15 0.28
3.3. Chemical Abundances
Chemical abundances are described following the stan-
dard nomenclature8, and comparisons made with refer-
ence to the Sun9 have been calculated using the solar
composition described in Asplund et al. (2009). We note
that some transitions have been removed from our line
list (Table 2) when they were not detected in any star
(e.g., Sc i, Zr i, Zr ii, Rb i, and Ce ii transitions).
3.3.1. Carbon
Carbon has been measured from synthesizing the
431.3 nm and 432.3 nm CH features. The best fit-
ting abundances inferred from these two syntheses were
within 0.05 dex for every star. Nevertheless, have
adopted a conservative total uncertainty of ±0.15 dex for
these measurements. The mid-point of these two mea-
surements is listed in Table 5. Only the 432.3 nm region
was synthesized for OSS 18, as significant absorption of
atomic lines was present in the bluer band head, and
we deemed the 432.3 nm region to yield a more precise
determination of carbon abundance.
3.3.2. Light Odd-Z Elements (Na, Al, K)
Sodium, aluminium and potassium are primarily pro-
duced through carbon, neon and oxygen burning in mas-
sive stars, before they are ejected into the interstellar
medium (Woosley & Weaver 1995).
Although our line list includes three clean, unblended
Na lines, not all were detectable in the Orphan stream
candidates. Generally only one Na and Al line was avail-
able for the Orphan stream stars. In these cases, a min-
imum standard deviation of 0.10 dex has been assumed
when calculating abundance uncertainties (see Section
3.4). Wherever there were no detectable lines for a given
element, an upper limit was determined by synthesis of
the strongest transition in our line list. At least one K
line was detected in every standard and program star.
These lines at 766 nm and 769 nm are quite strong, but
fall directly between a strong telluric band head. Usu-
ally both lines were detected, but one was dominated by
8 log (X) = log
(
NX
NH
)
+ 12
9
[
X
H
]
= log 
(
NX
NH
)
Star
− log 
(
NX
NH
)
Sun
the Earth’s atmospheric absorption. In these cases we
rejected the contaminated line and adopted the single,
unaffected K line.
3.3.3. α-elements (O, Mg, Ca, Si, Ti)
The α-elements (O, Mg, Ca, Si and Ti) are produced
during hydrostatic burning of carbon, neon and silicon
by α-particle capture. Following Type II supernovae,
the α-enriched material is dispersed into the interstellar
medium and contributes to the next generation of star
formation. Although Ti is not formally an α-element
(Z = 22), it generally tracks with α-elements, and has
been included here to facilitate a comparison with the
Local Group study of Venn et al. (2004).
Generally, the Orphan stream candidates have lower
α-element abundances compared to iron than their halo
counterparts. The situation is a little ambiguous for
[O/Fe] compared to other α-elements. We have employed
the forbidden lines at 630 nm and 636 nm to measure
oxygen abundances in our stars. Given the weakness of
these lines, oxygen was immeasurable in all of the Orphan
stream candidates. In place of abundances, upper limits
have been determined from spectral synthesis of the re-
gion. The synthesis line list includes the Ni i feature hid-
den within the 630 nm absorption profile (Allende Prieto
et al. 2001). In the low S/N ratio case of OSS 18, the
forbidden oxygen region was sufficiently dominated by
telluric absorption such that we deemed even a robust
upper limit to be indeterminable.
The [Mg/Fe] abundance ratios for the Orphan stream
targets are noticeably lower than any of the other α-
elements. In fact, OSS 18 and 3 exhibit solar or sub-solar
[Mg/Fe] abundances, and the mean [α/Fe] abundances in
the lower panel of Figure 1 are most affected by [Mg/Fe].
Nevertheless, [Ca/Fe] and [Si/Fe] abundances for Orphan
stream targets are systematically lower than their Milky
Way counterparts. In Figure 1, Ti ii has been adopted
for [Ti/Fe] as few reliable Ti i transitions were available
for analysis.
Lower [α/Fe] abundance ratios are less apparent for our
lower probability Orphan stream candidates, OSS 18 and
OSS 3. Although their mean [α/Fe] ∼ +0.20 dex, with
[Fe/H] ∼ –0.70 dex they are significantly more metal-rich
than expected for the Orphan stream. Therefore their
[α/Fe] abundance ratios are consistent with the [α/Fe]-
[Fe/H] trend of the Milky Way. As discussed further in
Section 4.1, these low probability targets are unlikely to
be true Orphan stream members, and are marked appro-
priately in Figure 1.
3.3.4. Fe-peak elements (Sc, V, Cr, Mn, Co, Ni, Cu, Zn)
The Fe-peak elements (Z = 23 to 30) are primar-
ily produced by explosive nucleosynthesis during oxygen,
neon, and silicon burning. The ignition of these burning
phases occurs both from Type II SN of massive stars,
and once an accreting white dwarf exceeds the Chan-
drasekhar limit, causing spontaneous ignition of carbon
and an eventual Type Ia supernova. The abundance of
the Fe-peak elements with respect to iron in the Milky
Way are typically either flat (i.e., [X/Fe] ∼ 0; Cr ii, Ni)
or trend positively (Sc, Cr i, Mn, Cu) with overall [Fe/H]
(e.g., Ishigaki et al. 2013; Yong et al. 2013).
Scandium absorption profiles have appreciable broad-
ening due to hyperfine splitting. As such, we have deter-
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Fig. 1.— α-element abundance ratios (Mg i, Ca i, Ti ii shown)
for field standards (grey, filled), high-probability Orphan stream
candidates (white squares), and lower-probability Orphan stream
candidates (white squares with crosses) that are deemed to be inter-
lopers. Data compiled by Venn et al. (2004, 2006) for the present-
day dSph galaxies (grey squares) and the Milky Way is shown,
using the same colour scheme adopted in Venn et al. (2004): thin
disk (red), thick disk (green), halo (cyan), high velocity halo (dark
blue), and retrograde halo stars (black).
mined Sc abundances for all stars from spectral synthe-
sis with hyperfine splitting taken into account. How-
ever, for OSS 3 we found the broadening due to hy-
perfine structure to be negligible, and the variance in
our synthesis measurements was larger than our abun-
dance measurements. The mean Sc ii abundance to be
log (Sc) = 2.22 ± 0.23 from synthesis of 5 lines, where
the EWs of 11 Sc ii lines yields log (Sc) = 2.24 ± 0.09.
Therefore in the case of OSS 3, we have adopted the Sc ii
abundances from EWs.
Other Fe-peak elements with hyperfine structure (e.g.
V, Mn, Co, Cu) have been synthesised with the rele-
vant isotopic and/or hyperfine splitting included. The
random measurement scatter in V, Cr, and Mn abun-
dances is typically low (<0.05 dex) for all the standard
and program stars. However for Co, there was a no-
ticeable increase in line-to-line scatter for the Orphan
stream stars compared to the standard stars. There is
a factor of ∼6 difference in S/N ratio between the two
samples which can explain this variance. In the Orphan
stream stars, no synthesised Co profiles were sufficiently
‘worse’ than each other to qualify exclusion. The case
was quite different for Ni, where a plethora of clean lines
(without appreciable hyperfine structure) are available,
and the uncertainties in log (Ni) abundances due to the
uncertainties in stellar parameters generally cancel with
log (Fe), yielding excellent measurements of [Ni/Fe]. Cu
abundances and upper limits are derived from the syn-
thesis of a single neutral Cu line at 510.5 nm. The inclu-
sion of hyperfine structure was most important for Cu,
as a Cu abundance measured directly from an EW pro-
duced a systematically higher log (Cu), on the order of
+0.4 dex. Zn abundances were calculated directly from
the EWs of the 472.2 nm and 481.0 nm transitions where
available. All of our Fe-peak abundances with respect to
iron are consistent with the observed chemical trends in
the Milky Way (Ishigaki et al. 2013; Yong et al. 2013).
3.3.5. Neutron-capture elements (Sr, Y, Ba, La, Nd, Eu)
The atomic absorption lines of these heavy elements
have appreciable broadening due to hyperfine structure
and isotopic splitting. Where applicable, the relevant
hyperfine and/or isotopic splitting has been employed,
and solar isotopic compositions have been adopted.
Sr and Y are elements of the first n-capture peak.
While only one line (421.5 nm) was synthesised for Sr ii,
generally three unblended Y lines were available. When
no Y lines were detected above 3σ, an upper limit was
ascertained from the 520 nm line – the strongest in our
line list. Sr and Y abundances generally agree with each
other in our stars, with the exception of high probabil-
ity stream candidates OSS 6 and OSS 8. In these cases
only upper limits could be determined for Y ii, and those
limits are ∼0.6 dex lower than our measured Sr ii abun-
dances. The remaining high probability candidate, OSS
14, also has an upper limit for Y ii ([Y/Fe] < −0.40) but
this limit is much closer to our Sr ii measurement ([Sr/Fe]
= −0.42). The Y upper limits for our high probability
Orphan stream stars results in lower limits for [Ba/Y],
which for OSS 6 and OSS 8, are well in excess of the
Milky Way trend (Figure 2).
Lanthanum and neodymium abundances for our stars
are consistent with the chemical evolution of the Milky
Way. Europium, a r-process dominated element, has
been measured by synthesising the 664.5 nm Eu ii tran-
sition. Although the spread in [Eu/Fe] abundances for
our stars is wide, no significant r-process enhancement is
observed.
3.4. Chemical Abundance Uncertainties Due to Stellar
Parameters
Although the standard error about the mean (σx¯)
abundance in Table 5 can be quite low, the uncertainties
in stellar parameters will significantly contribute to the
total error budget for any given abundance. Further-
more, the total uncertainty in abundance ratios (e.g.,
[A/B]) depends on how the uncertainties in elements A
and B are correlated with stellar parameters.
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TABLE 5 Chemical abundances
Species N log (X) σ [X/H] [X/Fe] σx¯ Species N log (X) σ [X/H] [X/Fe] σx¯
HD 41667 HD 44007
C (CH) 2 6.95 0.20 –1.48 –0.24 0.15 C (CH) 2 6.73 0.20 –1.70 –0.01 0.15
O I 1 7.85 · · · –0.84 0.34 · · · O I 1 7.43 · · · –1.26 0.44 · · ·
Na I 3 4.95 0.10 –1.29 –0.10 0.06 Na I 1 4.57 · · · –1.67 0.03 · · ·
Mg I 7 6.71 0.13 –0.89 0.29 0.05 Mg I 5 6.29 0.06 –1.31 0.40 0.03
Al I 4 5.27 0.11 –1.18 –0.00 0.05 Al I 0 · · · · · · · · · · · · · · ·
Si I 8 6.58 0.14 –0.93 0.26 0.05 Si I 7 6.18 0.09 –1.33 0.37 0.03
K I 2 4.66 0.00 –0.38 0.81 0.00 K I 2 4.43 0.05 –0.60 1.10 0.04
Ca I 18 5.52 0.07 –0.82 0.37 0.02 Ca I 20 5.10 0.09 –1.24 0.46 0.02
Sc II 14 2.10 0.10 –1.05 0.13 0.03 Sc II 12 1.45 0.08 –1.70 0.00 0.02
Ti I 25 3.90 0.16 –1.05 0.13 0.03 Ti I 20 3.35 0.08 –1.60 0.11 0.02
Ti II 28 4.16 0.18 –0.79 0.40 0.03 Ti II 36 3.57 0.13 –1.38 0.32 0.02
V I 4 2.82 0.09 –1.11 0.07 0.05 V I 4 2.24 0.05 –1.69 0.01 0.02
Cr I 12 4.28 0.07 –1.36 –0.18 0.02 Cr I 15 3.75 0.06 –1.89 –0.19 0.02
Cr II 3 4.65 0.13 –0.99 0.20 0.08 Cr II 3 4.10 0.04 –1.54 0.16 0.03
Mn I 5 4.12 0.17 –1.31 –0.13 0.08 Mn I 7 3.30 0.10 –2.13 –0.43 0.04
Fe I 72 6.32 0.11 –1.18 0.00 0.01 Fe I 74 5.80 0.12 –1.70 0.00 0.01
Fe II 17 6.32 0.08 –1.18 0.00 0.02 Fe II 17 5.80 0.12 –1.70 0.01 0.03
Co I 4 3.85 0.05 –1.14 0.04 0.03 Co I 3 3.29 0.09 –1.70 0.00 0.05
Ni I 20 4.96 0.13 –1.26 –0.08 0.03 Ni I 23 4.46 0.12 –1.76 –0.05 0.03
Cu I 1 2.86 · · · –1.33 –0.15 · · · Cu I 1 1.90 · · · –2.29 –0.59 · · ·
Zn I 2 3.39 0.04 –1.17 0.01 0.03 Zn I 2 2.88 0.08 –1.68 0.02 0.06
Sr II 1 1.75 · · · –1.12 0.06 · · · Sr II 1 1.19 · · · –1.68 0.02 · · ·
Y II 3 1.08 0.12 –1.13 0.05 0.07 Y II 3 0.35 0.06 –1.86 –0.15 0.04
Ba II 2 0.97 0.03 –1.21 –0.02 0.02 Ba II 2 0.43 0.08 –1.75 –0.04 0.05
La II 2 0.14 0.03 –0.97 0.22 0.02 La II 2 –0.42 0.00 –1.52 0.18 0.00
Nd II 6 0.56 0.06 –0.86 0.32 0.02 Nd II 7 –0.26 0.09 –1.68 0.03 0.03
Eu II 1 –0.16 · · · –0.68 0.50 · · · Eu II 1 –1.16 · · · –1.68 0.02 · · ·
HD 76932 HD 122563
C (CH) 2 7.63 0.20 –0.79 0.15 0.15 C (CH) 2 5.26 0.20 –3.17 –0.27 0.15
O I 1 <8.33 · · · <–0.36 <0.58 · · · O I 1 6.15 · · · –2.54 0.37 · · ·
Na I 3 5.44 0.03 –0.80 0.15 0.02 Na I 1 <3.48 · · · <–2.76 <0.14 · · ·
Mg I 8 6.94 0.18 –0.66 0.30 0.06 Mg I 8 5.25 0.08 –2.35 0.56 0.03
Al I 4 5.56 0.08 –0.89 0.07 0.04 Al I 1 <4.83 · · · <–1.62 <1.28 · · ·
Si I 9 6.80 0.18 –0.71 0.24 0.06 Si I 1 5.21 · · · –2.30 0.61 · · ·
K I 2 4.96 0.06 –0.07 0.89 0.05 K I 1 2.75 · · · –2.28 0.63 · · ·
Ca I 23 5.69 0.09 –0.65 0.31 0.02 Ca I 19 3.81 0.05 –2.53 0.39 0.01
Sc II 16 2.38 0.10 –0.77 0.18 0.02 Sc II 15 0.17 0.07 –2.98 –0.07 0.02
Ti I 17 4.16 0.06 –0.79 0.16 0.01 Ti I 17 2.06 0.04 –2.89 0.02 0.01
Ti II 38 4.35 0.12 –0.60 0.36 0.02 Ti II 42 2.22 0.10 –2.73 0.18 0.02
V I 4 3.28 0.12 –0.65 0.31 0.06 V I 1 0.81 · · · –3.12 –0.21 · · ·
Cr I 18 4.58 0.07 –1.06 –0.11 0.02 Cr I 11 2.39 0.08 –3.25 –0.34 0.02
Cr II 3 4.86 0.04 –0.78 0.18 0.02 Cr II 3 2.83 0.03 –2.81 0.10 0.02
Mn I 9 4.31 0.10 –1.12 –0.17 0.03 Mn I 7 2.12 0.06 –3.31 –0.39 0.02
Fe I 96 6.55 0.11 –0.95 0.00 0.01 Fe I 165 4.59 0.11 –2.91 0.00 0.01
Fe II 20 6.55 0.13 –0.95 0.00 0.03 Fe II 22 4.60 0.11 –2.90 0.01 0.02
Co I 4 4.09 0.12 –0.90 0.05 0.06 Co I 5 2.23 0.14 –2.76 0.15 0.06
Ni I 25 5.32 0.11 –0.90 0.05 0.02 Ni I 19 3.48 0.10 –2.74 0.17 0.02
Cu I 1 2.95 · · · –1.24 –0.29 · · · Cu I 1 <0.10 · · · <–4.19 <–1.19 · · ·
Zn I 2 3.71 0.02 –0.85 0.10 0.01 Zn I 2 1.83 0.06 –2.72 0.19 0.05
Sr II 1 2.00 · · · –0.87 0.08 · · · Sr II 1 –0.64 · · · –3.51 –0.60 · · ·
Y II 2 1.29 0.04 –0.92 0.03 0.02 Y II 1 –0.82 · · · –3.03 –0.12 · · ·
Ba II 2 1.34 0.04 –0.84 0.12 0.03 Ba II 2 –1.94 0.06 –4.12 –1.20 0.04
La II 1 0.69 · · · –0.41 0.54 · · · La II 1 <–1.51 · · · <–2.61 <0.29 · · ·
Nd II 3 0.81 0.11 –0.61 0.35 0.07 Nd II 1 <–1.83 · · · <–3.25 <–0.35 · · ·
Eu II 1 <–0.27 · · · <–0.79 <0.15 · · · Eu II 1 <–1.72 · · · <–2.24 <0.66 · · ·
HD 136316 HD 141531
C (CH) 2 6.05 0.20 –2.38 –0.47 0.15 C (CH) 2 6.31 0.20 –2.12 –0.42 0.15
O I 1 7.11 · · · –1.58 0.35 · · · O I 2 7.36 0.01 –1.33 0.31 0.00
Na I 2 4.21 0.08 –2.03 –0.10 0.06 Na I 3 4.40 0.07 –1.84 –0.19 0.04
Mg I 8 6.09 0.29 –1.51 0.42 0.10 Mg I 9 6.36 0.27 –1.24 0.40 0.09
Al I 1 <4.58 · · · <–1.87 <0.04 · · · Al I 1 4.82 · · · –1.63 0.01 · · ·
Si I 8 5.93 0.17 –1.58 0.35 0.06 Si I 7 6.08 0.15 –1.43 0.21 0.06
K I 2 3.83 0.03 –1.21 0.72 0.02 K I 2 4.13 0.06 –0.90 0.74 0.04
Ca I 19 4.77 0.08 –1.57 0.36 0.02 Ca I 17 5.02 0.06 –1.32 0.32 0.01
Sc II 16 1.24 0.08 –1.91 0.01 0.02 Sc II 12 1.56 0.05 –1.59 0.05 0.01
Ti I 26 3.02 0.13 –1.93 –0.01 0.03 Ti I 26 3.34 0.13 –1.61 0.03 0.03
Ti II 39 3.46 0.18 –1.49 0.44 0.03 Ti II 32 3.70 0.17 –1.25 0.40 0.03
V I 6 1.88 0.08 –2.05 –0.12 0.03 V I 6 2.24 0.10 –1.69 –0.05 0.04
Cr I 18 3.52 0.13 –2.12 –0.20 0.03 Cr I 15 3.78 0.07 –1.86 –0.22 0.02
Cr II 2 3.83 0.03 –1.81 0.11 0.02 Cr II 1 4.14 · · · –1.50 0.14 · · ·
Continued..
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TABLE 5 Chemical abundances
Species N log (X) σ [X/H] [X/Fe] σx¯ Species N log (X) σ [X/H] [X/Fe] σx¯
Mn I 9 3.14 0.14 –2.29 –0.36 0.05 Mn I 7 3.44 0.15 –1.99 –0.35 0.06
Fe I 100 5.57 0.12 –1.93 0.00 0.01 Fe I 83 5.85 0.12 –1.65 0.00 0.01
Fe II 16 5.57 0.08 –1.93 0.00 0.02 Fe II 17 5.85 0.08 –1.65 0.00 0.02
Co I 4 3.08 0.12 –1.91 0.01 0.06 Co I 6 3.33 0.13 –1.66 –0.01 0.05
Ni I 24 4.24 0.12 –1.98 –0.05 0.03 Ni I 25 4.50 0.15 –1.72 –0.07 0.03
Cu I 1 1.72 · · · –2.47 –0.54 · · · Cu I 1 2.15 · · · –2.04 –0.40 · · ·
Zn I 2 2.65 0.10 –1.91 0.02 0.07 Zn I 2 2.79 0.04 –1.77 –0.13 0.03
Sr II 1 0.90 · · · –1.97 –0.04 · · · Sr II 1 1.20 · · · –1.67 –0.03 · · ·
Y II 3 0.12 0.10 –2.09 –0.16 0.06 Y II 3 0.35 0.10 –1.86 –0.21 0.06
Ba II 2 0.19 0.08 –1.99 –0.06 0.06 Ba II 2 0.47 0.05 –1.71 –0.07 0.04
La II 2 –0.73 0.03 –1.83 0.09 0.02 La II 2 –0.54 0.07 –1.65 0.00 0.05
Nd II 8 –0.40 0.04 –1.82 0.10 0.02 Nd II 7 –0.18 0.07 –1.60 0.04 0.03
Eu II 1 –1.12 · · · –1.64 0.29 · · · Eu II 1 –0.93 · · · –1.45 0.19 · · ·
HD 142948 OSS 3
C (CH) 2 7.75 0.15 –0.68 0.03 0.15 C (CH) 2 7.54 0.15 –0.89 0.00 0.15
O I 2 8.57 0.02 –0.12 0.52 0.01 O I 1 <8.41 · · · <–0.27 <0.52 · · ·
Na I 2 5.69 0.02 –0.55 0.09 0.01 Na I 2 5.22 0.01 –1.02 –0.16 0.01
Mg I 6 7.34 0.10 –0.26 0.38 0.04 Mg I 6 6.70 0.14 –0.90 –0.04 0.06
Al I 4 6.03 0.09 –0.42 0.22 0.04 Al I 2 5.27 0.11 –1.18 –0.32 0.08
Si I 8 7.10 0.15 –0.41 0.23 0.05 Si I 8 6.72 0.16 –0.79 0.07 0.06
K I 1 5.17 0.00 0.14 0.78 0.00 K I 1 4.85 · · · –0.18 0.68 · · ·
Ca I 18 5.93 0.11 –0.41 0.23 0.03 Ca I 21 5.71 0.13 –0.63 0.23 0.03
Sc II 13 2.81 0.09 –0.34 0.30 0.03 Sc II 11 2.24 0.09 –0.91 –0.05 0.03
Ti I 22 4.44 0.10 –0.51 0.14 0.02 Ti I 19 4.17 0.15 –0.78 0.08 0.03
Ti II 31 4.77 0.20 –0.18 0.47 0.04 Ti II 37 4.42 0.24 –0.53 0.33 0.04
V I 4 3.44 0.09 –0.49 0.15 0.05 V I 2 2.97 0.05 –0.88 –0.02 0.04
Cr I 11 4.82 0.05 –0.82 –0.17 0.01 Cr I 17 4.73 0.20 –0.91 –0.05 0.05
Cr II 2 5.11 0.01 –0.53 0.11 0.00 Cr II 3 4.89 0.26 –0.75 0.11 0.15
Mn I 8 4.74 0.18 –0.69 –0.05 0.06 Mn I 3 4.05 0.03 –1.38 –0.42 0.02
Fe I 68 6.86 0.13 –0.64 0.00 0.02 Fe I 97 6.64 0.20 –0.86 0.00 0.02
Fe II 16 6.87 0.14 –0.63 0.01 0.03 Fe II 27 6.64 0.24 –0.86 0.00 0.05
Co I 5 4.49 0.08 –0.50 0.14 0.04 Co I 4 4.27 0.26 –0.72 0.14 0.13
Ni I 21 5.62 0.16 –0.60 0.04 0.03 Ni I 25 5.33 0.24 –0.89 –0.03 0.05
Cu I 1 3.90 · · · –0.29 0.35 · · · Cu I 1 2.53 · · · –1.66 –0.80 · · ·
Zn I 2 4.13 0.00 –0.42 0.22 0.00 Zn I 2 3.67 0.15 –0.89 –0.03 0.10
Sr II 1 2.40 · · · –0.47 0.17 · · · Sr II 1 1.95 · · · –0.92 –0.06 · · ·
Y II 3 1.74 0.24 –0.47 0.17 0.14 Y II 2 1.28 0.35 –0.93 –0.07 0.25
Ba II 2 1.44 0.02 –0.74 –0.09 0.01 Ba II 2 1.52 0.13 –0.66 0.20 0.09
La II 2 0.61 0.10 –0.49 0.15 0.07 La II 1 <0.57 · · · <–1.53 <0.36 · · ·
Nd II 4 1.02 0.07 –0.40 0.24 0.04 Nd II 1 1.46 · · · 0.04 0.90 · · ·
Eu II 1 0.25 · · · –0.27 0.37 · · · Eu II 1 <–0.09 · · · <–0.61 <0.28 · · ·
OSS 6 OSS 8
C (CH) 2 6.39 0.20 –2.04 –0.37 0.15 C (CH) 2 6.85 0.20 –1.58 0.00 0.15
O I 1 <7.08 · · · <–1.61 <0.06 · · · O I 1 <7.46 · · · <–1.23 <0.35 · · ·
Na I 1 4.26 · · · –1.98 –0.23 · · · Na I 1 4.36 · · · –1.88 –0.26 · · ·
Mg I 6 5.94 0.21 –1.66 0.09 0.09 Mg I 6 6.10 0.15 –1.49 0.13 0.06
Al I 1 4.84 · · · –1.61 0.14 · · · Al I 1 <5.21 · · · <–1.24 <0.34 · · ·
Si I 3 5.84 0.07 –1.67 0.09 0.04 Si I 2 6.01 0.13 –1.50 0.12 0.09
K I 1 3.86 · · · –1.17 0.58 · · · K I 1 4.24 · · · –0.79 0.83 · · ·
Ca I 21 4.78 0.15 –1.56 0.19 0.03 Ca I 22 5.03 0.14 –1.31 0.31 0.03
Sc II 5 1.10 0.10 –2.05 –0.31 0.05 Sc II 16 1.47 0.15 –1.68 –0.06 0.04
Ti I 23 3.09 0.18 –1.86 –0.11 0.04 Ti I 20 3.31 0.11 –1.64 –0.02 0.02
Ti II 35 3.33 0.19 –1.62 0.13 0.03 Ti II 37 3.59 0.21 –1.36 0.26 0.03
V I 2 1.74 0.12 –2.19 –0.44 0.08 V I 2 2.29 0.18 –1.64 –0.02 0.13
Cr I 20 3.71 0.13 –1.93 –0.18 0.03 Cr I 17 3.82 0.12 –1.82 –0.19 0.03
Cr II 2 4.10 0.06 –1.54 0.21 0.04 Cr II 3 4.23 0.04 –1.41 0.21 0.02
Mn I 2 3.23 0.01 –2.20 –0.45 0.01 Mn I 5 3.53 0.18 –1.90 –0.28 0.08
Fe I 66 5.75 0.11 –1.75 0.00 0.01 Fe I 60 5.88 0.15 –1.62 0.00 0.02
Fe II 15 5.74 0.13 –1.76 0.00 0.03 Fe II 12 5.88 0.16 –1.62 0.00 0.05
Co I 3 3.00 0.36 –1.99 –0.23 0.21 Co I 4 3.35 0.14 –1.64 –0.02 0.07
Ni I 22 4.39 0.13 –1.83 –0.08 0.03 Ni I 20 4.52 0.15 –1.70 –0.08 0.03
Cu I 1 1.02 · · · –3.17 –1.42 · · · Cu I 1 1.68 · · · –2.51 –0.89 · · ·
Zn I 2 2.46 0.14 –2.09 –0.34 0.10 Zn I 1 2.89 · · · –1.67 –0.05 · · ·
Sr II 1 0.73 · · · –2.14 –0.39 · · · Sr II 1 0.79 · · · –2.08 –0.46 · · ·
Y II 1 <–0.59 · · · <–2.77 <–1.10 · · · Y II 1 <–0.41 · · · <–2.60 <–1.00 · · ·
Ba II 1 –0.08 · · · –2.26 –0.50 · · · Ba II 2 0.04 0.20 –2.14 –0.51 0.14
La II 1 <–1.00 · · · <–1.82 <–0.35 · · · La II 1 –0.12 · · · –1.22 0.40 · · ·
Nd II 2 –0.71 0.08 –2.13 –0.38 0.06 Nd II 1 0.08 · · · –1.34 0.28 · · ·
Eu II 1 <–1.45 · · · <–1.97 <–0.30 · · · Eu II 1 <–0.62 · · · <–1.14 <0.44 · · ·
OSS 14 OSS 18
C (CH) 2 5.85 0.20 –2.58 0.08 0.15 C (CH) 1 7.57 0.20 –0.86 –0.10 0.15
Continued..
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TABLE 5 Chemical abundances
Species N log (X) σ [X/H] [X/Fe] σx¯ Species N log (X) σ [X/H] [X/Fe] σx¯
O I 1 <6.40 · · · <–2.09 <0.57 · · · O I 0 · · · · · · · · · · · · · · ·
Na I 1 <3.87 · · · <–2.37 <0.29 · · · Na I 1 5.37 · · · –0.87 –0.25 · · ·
Mg I 8 5.19 0.21 –2.41 0.25 0.07 Mg I 5 7.01 0.25 –0.59 0.03 0.11
Al I 0 · · · · · · · · · · · · · · · Al I 1 <5.66 · · · <–0.79 <–0.03 · · ·
Si I 2 5.50 0.04 –2.00 0.66 0.02 Si I 5 6.98 0.28 –0.53 0.09 0.13
K I 1 2.66 · · · –2.37 0.30 · · · K I 1 4.91 · · · –0.12 0.50 · · ·
Ca I 16 3.89 0.15 –2.45 0.21 0.04 Ca I 19 5.82 0.14 –0.52 0.10 0.03
Sc II 9 0.13 0.13 –3.02 –0.35 0.04 Sc II 11 2.64 0.18 –0.51 0.11 0.05
Ti I 11 2.24 0.12 –2.71 –0.05 0.04 Ti I 17 4.27 0.24 –0.68 –0.06 0.06
Ti II 32 2.37 0.18 –2.58 0.09 0.03 Ti II 25 4.44 0.33 –0.51 0.11 0.07
V I 1 <1.61 · · · <–2.32 <0.34 · · · V I 4 3.26 0.01 –0.67 –0.05 0.00
Cr I 10 2.54 0.23 –3.10 –0.43 0.07 Cr I 18 4.83 0.28 –0.81 –0.19 0.06
Cr II 1 3.06 · · · –2.58 0.09 · · · Cr II 1 5.29 · · · –0.35 0.27 · · ·
Mn I 4 2.20 0.20 –3.23 –0.56 0.10 Mn I 3 4.30 0.09 –1.13 –0.51 0.05
Fe I 133 4.83 0.20 –2.67 0.00 0.02 Fe I 48 6.88 0.21 –0.62 0.00 0.03
Fe II 16 4.83 0.16 –2.67 –0.01 0.04 Fe II 12 6.88 0.25 –0.62 0.00 0.07
Co I 3 2.32 0.48 –2.67 –0.01 0.28 Co I 3 4.65 0.41 –0.34 0.28 0.24
Ni I 5 3.51 0.07 –2.71 –0.04 0.03 Ni I 17 5.43 0.24 –0.79 –0.17 0.06
Cu I 1 <0.77 · · · <–3.42 <–0.75 · · · Cu I 1 3.14 · · · –1.05 –0.43 · · ·
Zn I 1 <1.92 · · · <–2.64 <0.02 · · · Zn I 1 3.87 · · · –0.69 –0.07 · · ·
Sr II 1 –0.22 · · · –3.09 –0.42 · · · Sr II 1 2.31 · · · –0.56 0.06 · · ·
Y II 1 <–0.86 · · · <–3.10 <–0.40 · · · Y II 1 1.92 · · · –0.29 0.33 · · ·
Ba II 2 –1.85 0.05 –4.04 –1.37 0.04 Ba II 2 1.76 0.05 –0.42 0.20 0.04
La II 1 <–0.91 · · · <–2.01 <0.65 · · · La II 1 1.29 · · · 0.19 0.81 · · ·
Nd II 1 <–0.56 · · · <–1.98 <0.68 · · · Nd II 2 1.71 0.02 0.29 0.91 0.01
Eu II 1 <–1.14 · · · <–1.66 <1.00 · · · Eu II 1 0.72 · · · 0.20 0.82 · · ·
In order to investigate the abundance uncertainties due
to stellar parameters, we have generated model atmo-
spheres for a ±1σ offset in each stellar parameter (Sec-
tion 3.2; Teff , log g, ξ) independently, and calculated the
resultant mean abundance offset from our EWs. The
resultant abundance changes were added in quadrature
with σx¯ to provide a total uncertainty in [X/H]. These to-
tal uncertainties are tabulated in Table 6 for all standard
and program stars. While this yields an uncertainty for
our abundance ratios in [X/H], we are often interested
in how elemental abundances vary with respect to iron.
We have calculated these uncertainties following Johnson
(2002):
σ2 (A/B) = σ2 (A) + σ2 (B)− 2σA,B (1)
where the covariance between elements A and B (σA,B)
is given by
σA,B =
(
∂ log A
∂Teff
)(
∂ log B
∂Teff
)
σ2Teff
+
(
∂ log A
∂ log g
)(
∂ log B
∂ log g
)
σ2log g +
(
∂ log A
∂ξ
)(
∂ log B
∂ξ
)
σ2ξ
+
[(
∂ log A
∂Teff
)(
∂ log B
∂ log g
)
+
(
∂ log A
∂ log g
)(
∂ log B
∂Teff
)]
σTeff ,log g
+
[(
∂ log A
∂ξ
)(
∂ log B
∂ log g
)
+
(
∂ log A
∂ log g
)(
∂ log B
∂ξ
)]
σξ,log g
(2)
The covariance between effective temperature and sur-
face gravity has been calculated by sampling about the
effective temperature and performing an ionization bal-
ance for the adjusted temperature. The resultant covari-
ance is given as:
σTeff ,log g =
1
N
N∑
i=1
(
Teff,i − Teff
) (
log gi − log g
)
(3)
Covariance between ξ and log g is calculated in the same
manner. The total abundance uncertainty with respect
to H and Fe (e.g., σ([X/H]), σ([X/Fe])) for all species
is given in Table 6. These total uncertainties have been
adopted in all figures throughout this text. Due to the
cancellation of systematic effects, some abundance ratios
with respect to iron have lower uncertainties than their
quoted absolute abundance uncertainties.
4. DISCUSSION
4.1. Stream Membership
Given the low surface brightness of the Orphan stream,
separating true members from interlopers can be partic-
ularly challenging. Before inferring any properties of the
undiscovered parent satellite from our sample, we must
examine whether our targets are stars truly from the dis-
ruption of the Orphan stream progenitor.
When compared against the mean of our high priority
targets, the velocities of the low and medium probability
candidates are +6.2 and −23.7 km s−1 different, respec-
tively. Given this region of the stream has a low intrin-
sic velocity dispersion (Casey et al. 2013a), the signifi-
cantly lower velocity of the medium-probability target,
OSS 18, is intriguing. Perhaps more concerning is that
the low and medium probability candidates are markedly
more metal-rich than the high-priority targets: [Fe/H] =
−0.86 and −0.62 dex for OSS 3 and OSS 18, a difference
of +0.45 and +0.28 dex from the low-resolution mea-
surements, respectively. Spectroscopic studies suggest
the stream is significantly more metal-poor than [Fe/H]
∼ −0.8 dex (Belokurov et al. 2007; Newberg et al. 2010;
Casey et al. 2013a; Sesar et al. 2013), making the associ-
ation between the Orphan stream and OSS 3 or OSS 18
tenuous. It is also worth noting that these targets are the
farthest candidates (|BOrphan| ∼ 0.5 ◦) from the best-fit
Orphan stream orbital plane deduced by Newberg et al.
(2010). On the basis of the observables we deduce that
the lower probability members, OSS 3 and OSS 18, are
unlikely to be disrupted Orphan stream members.
The three high-probability targets (OSS 6, 8 and 14)
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TABLE 6
Abundance Uncertainties Due to Stellar Parameters
Total Uncertainty
Species Teff + σ(Teff) log g + σ(log g) vt + σ(vt) Max(0.10, S.D.)/
√
(N) [X/H] [X/Fe]
∆abundance ∆abundance ∆abundance (dex) (dex) (dex)
OSS 3
Na I +0.06 +0.00 –0.01 0.07 0.09 0.08
Mg I +0.07 –0.02 –0.02 0.06 0.09 0.18
Al I +0.04 +0.00 +0.00 0.08 0.09 0.10
Si I +0.03 +0.01 –0.01 0.06 0.07 0.08
K I +0.07 –0.03 –0.04 0.10 0.13 0.23
Ca I +0.07 –0.02 –0.03 0.03 0.08 0.17
Sc II +0.00 +0.03 –0.03 0.03 0.05 0.19
Ti I +0.12 –0.01 –0.05 0.03 0.14 0.14
Ti II +0.01 +0.02 –0.06 0.04 0.07 0.15
V I +0.12 +0.00 –0.03 0.06 0.13 0.06
Cr I +0.11 –0.01 –0.06 0.05 0.13 0.13
Cr II –0.02 +0.04 –0.04 0.15 0.16 0.15
Mn I +0.10 –0.02 –0.03 0.11 0.16 0.21
Fe I +0.08 +0.00 –0.04 0.02 0.09 · · ·
Fe II –0.03 +0.04 –0.03 0.05 0.07 · · ·
Co I +0.11 –0.01 –0.07 0.13 0.19 0.19
Ni I +0.07 +0.00 –0.04 0.05 0.09 0.04
Cu I +0.10 +0.01 –0.05 0.10 0.15 0.06
Zn I +0.00 +0.02 –0.04 0.10 0.11 0.11
Sr II +0.03 +0.00 –0.01 0.10 0.10 0.11
Y II +0.01 +0.03 –0.02 0.25 0.25 0.16
Ba II +0.02 +0.01 –0.06 0.09 0.11 0.05
Nd II +0.04 +0.04 –0.04 0.10 0.12 0.21
Table 6 is published for all program stars in the electronic edition. A portion is shown here for guidance
regarding its form and content.
have velocities within 2.4 km s−1 of each other, consis-
tent with the Orphan stream velocity. These velocities
from high-resolution spectra confirm the very low line-of-
sight velocity dispersion in this part of the stream. The
metallicities of these targets are also in reasonable agree-
ment with those found from low-resolution spectroscopy,
implying the candidates are ∼20 kpc away – at approxi-
mately the same distance as the Orphan stream. For the
remainder of this discussion, we consider OSS 6, 8 and
14, to be true disrupted members of the Orphan stream.
4.2. Metallicity Distribution Function
Although the sample size is small, the three Orphan
stream members have a wide range in metallicity, rang-
ing from [Fe/H] = −1.58 to as metal-poor [Fe/H] =
−2.66. From three members not much can be said about
the metallicity distribution, other than to say it is wide,
and inconsistent with a mono-metallic population (e.g., a
globular cluster). Newberg et al. (2010) and Sesar et al.
(2013) found the stream to have a mean metallicity of
[Fe/H] = −2.1 from BHB and RR Lyrae stars. According
to the metallicity gradient along the stream reported by
Sesar et al. (2013), we might expect a higher mean metal-
licity than [Fe/H] > −2.1 in our sample closer to the ce-
lestial equator. We note that our metallicity spread of
[Fe/H] = −1.58 to −2.66 is consistent with that of Sesar
et al. (2013): [Fe/H] = −1.5 to −2.7, and the somewhat
wider spread found by Newberg et al. (2010): [Fe/H] =
−1.3 to −3.
A total metallicity spread as wide as ∼1 dex, or a stan-
dard deviation of σ([Fe/H]) = 0.56 (Casey et al. 2013a),
is consistent with the stochastic chemical enrichment of
the present-day dSph galaxies (Mateo 1998; Kirby et al.
2011). This is also compatible with the constraints from
the dynamical constraints placed inferred by the arc and
width of the stream, which suggest the progenitor is a
dark matter-dominated system.
4.2.1. [α/Fe] abundance ratios
The abundance trends of individual elements track the
star formation history of a cluster or galaxy. In the Milky
Way, this is most evident by the evolution of α-element
abundances with increasing metallicity. The α-elements
are produced in massive stars before being ejected to
the interstellar medium by Type II supernovae. At later
times, Type Ia supernovae begin to contribute to the
Galaxy’s chemical enrichment. Type Ia supernovae ex-
pel iron (like Type II), but do not produce significant
amounts of α-elements. As such, a net decrease in [α/Fe]
is observed upon the onset of Type Ia supernovae. This
inflexion occurs in the Milky Way near [Fe/H] ∼ −0.7,
decreasing towards Solar-like values.
Tolstoy et al. (2003) first noted that stars in the
present-day dSph galaxies were separated in [α/Fe] from
the majority of the Milky Way stars. In the dSph galax-
ies, a significant contribution of Type Ia supernovae
is observable in [α/Fe] abundance ratios near [Fe/H]
> −1.7 dex, with the exception of Draco, which shows
low [α/Fe] at all metallicities. Some dwarf spheroidal
stars also have a large range in [α/Fe] values, increasing
up to values seen in field stars.
The Orphan stream stars have low [α/Fe] abundance
ratios (∼0.22) with respect to the Milky Way sample
(∼0.40 dex). The low- and medium-probability members
– which we deem to be field interlopers – also have low
[α/Fe] abundance ratios, but given their overall metallic-
ity these α-element ratios are consistent with the thick
disk enrichment of the Milky Way. Since our Orphan
stream members (i.e., the high-probability members OSS
6, 8 and 14) are metal-poor, we can be confident we
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are not confusing their low-α signature for the standard
chemical enrichment of the Milky Way.
We stress that [α/Fe], on its own, should never be
used as a litmus test for accretion on to the Milky Way.
One must carefully select candidates that appear to be
stream members based on all the observables, and then
examine their detailed abundances in order to infer the
chemical evolution of the disrupted host. We are already
quite confident these stars are truly disrupted Orphan
stream members, and as such, we can say that the low
[α/Fe] abundance ratios observed in the Orphan stream
are consistent with the low α-element enhancement of
the present-day dSph galaxies.
4.2.2. [Ba/Y]
Differences in [Ba/Y] ratios between the present-day
dSph stars and the Milky Way have been observed by a
number of groups (Shetrone et al. 2003; Venn et al. 2004).
A number of possible explanations have been proposed
to explain this offset, including changes in SNe II yields
– or by changing the frequency of SNe II explosions via
adjustments to the initial mass function – or altering the
influence of α-rich freeze-out (e.g., see Venn et al. 2004,
for a discussion).
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Fig. 2.— [Ba/Y] abundance ratios for the Orphan stream stars
and field standards. Milky Way and dSph data compiled by Venn
et al. (2004) is also shown. Markers and colours are the same
described in Figure 1.
Arbitrarily adjusting SNe II yields between two dif-
ferent nucleosynthesis sites appears a somewhat unlikely
scenario. By employing SN frequency corrections in addi-
tion to using adjusted yields, Qian & Wasserburg (2001)
can reproduce the low [Ba/Y] trends in the Galaxy, but
not the high [Ba/Y] ratios observed in the dSph galax-
ies. Leaving SNe II yields unchanged, these offsets could
alternatively be reproduced by simply adjusting the fre-
quency of SNe II events through the truncation of the up-
per initial mass function (IMF). In effect, massive stars
would be less numerous, which are thought to be the
primary production sites for the first n-capture peak el-
ements (e.g., yttrium in this case). Because higher α-
element yields are also expected for massive stars, this
may affect both the [Ba/Y] abundance and the overall
[α/Fe] abundance. However, whether the upper IMF
differs between the dSph and the Milky Way remains
an open question.
We have lower limits in [Ba/Y] for all Orphan stream
stars. This is because Y was not detected in any of the
stream stars. The standard stars and lower probabil-
ity stream targets all have [Ba/Y] ratios that are consis-
tent with the Milky Way for their given overall metal-
licity. This is shown in Figure 2. Although we have
only lower limits for [Ba/Y], in OSS 6 and OSS 8 these
are ∼+0.5 dex offset from the main component of the
Milky Way. This is a similar offset as that observed
in the present-day dSphs, as compiled by Venn et al.
(2004). For the most metal-poor stream star, OSS 14,
our limit on Y abundance yields a weak – but consistent
– lower limit of [Ba/Y] > −0.97 dex. We note that ro-
bust lower limits for [Ba/Y] in the most metal-poor dSph
stars ([Fe/H]< −2) are difficult to ascertain.
4.3. Possible Parent Systems
A number of associations have been proposed between
the Orphan stream and known Milky Way satellites.
However, most have been shown to be either unlikely
or implausible. Here we discuss the possibility of asso-
ciation between the Orphan stream and NGC 2419, as
well as Segue 1.
4.3.1. NGC 2419
The width and length of a tidal tail are a clear indi-
cation to the nature of the parent satellite. For the case
of the Orphan stream, these characteristics favor a dark-
matter dominated system (e.g., a dwarf galaxy). How-
ever, given the large apogalacticon of 90 kpc for the Or-
phan stream, a relationship has been proposed between
the Orphan stream and NGC 2419 (Bru¨ns & Kroupa
2011). NGC 2419 is the most distant (D ∼ 85 kpc) –
and most luminous (MV ∼ −9.6) – globular cluster in
the Milky Way halo (D > 20 kpc). Just like the Orphan
stream, the system is also quite metal-poor: [Fe/H] =
–2.15
Stars in globular clusters are known to exhibit peculiar
chemical patterns, most notably in an anti-correlation
between sodium and oxygen abundances (e.g., Carretta
et al. 2009). Following this, NGC 2419 is particularly
special because it shows an unusual anti-correlation be-
tween magnesium and potassium, even stronger than the
classical Na-O anti-correlation. This chemical signature
is so far unique to NGC 2419, and illustrates the most
extreme cases of Mg-depletion and K-enhancement seen
anywhere in the Milky Way, or its satellite systems (Co-
hen et al. 2011; Mucciarelli et al. 2012).
We do not find any Orphan stream stars to be ex-
tremely depleted in [Mg/Fe] or enhanced in [K/Fe] (Fig-
ure 3), as found in NGC 2419 (Cohen et al. 2010,
2011; Mucciarelli et al. 2012). If we consider two sub-
populations in NGC 2419: a Mg-poor, K-rich and a Mg-
normal, K-poor sample, then a two sample Kolmogorov-
Smirnoff test demonstrates that we can be at least 99.7%
confident that our Orphan stream members are incon-
sistent with being drawn from the Mg-poor NGC 2419
population. We cannot make such statements about the
Mg-normal population, since abundances for that sample
are typical for the Milky Way. The Mg-poor and Mg-
normal sub-populations each comprise about half of the
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Fig. 3.— Magnesium and potassium abundance ratios for stars
in the globular cluster NGC 2419 from Cohen et al. (2011) (M) and
Mucciarelli et al. (2012) (O). Standard stars and Orphan stream
candidates are shown with the same markers used in Figure 1.
observed NGC 2419 population (Mucciarelli et al. 2012).
Given the uniqueness of the Mg-K anti-correlation, a sin-
gle Orphan stream star with significant Mg-depletion or
K-enhancement would have provided an exciting hint for
the Orphan stream parent. However, given the stream’s
large metallicity spread (Casey et al. 2013a; Sesar et al.
2013), this indicates the stream is unlikely to be associ-
ated with NGC 2419 given the cluster’s small dispersion
in overall metallicity (0.17 dex; Mucciarelli et al. 2012).
We therefore firmly rule out any association between
NGC 2419 and the Orphan stream.
4.3.2. Segue 1
The only known satellite system with an ambiguous as-
sociation with the Orphan stream is Segue 1. The system
resides in a particularly crowded region of the sky: it lies
extremely close to the perigalacton of the Orphan stream,
and just south of the bifurcated Sagittarius stream. The
original discovery of Segue 1 by Belokurov et al. (2007)
suggested the system was an extended globular cluster,
until recent studies showed the system was an ultrafaint
dwarf galaxy (Geha et al. 2009; Norris et al. 2010; Simon
et al. 2011). The similarities between Segue 1 and the
Orphan stream are striking. In addition to being nearby
on the sky, Segue 1’s distance of 23 kpc is consistent with
the closest portion of the Orphan stream. The velocities
between the two systems are also coincident: +114 km
s−1 for Segue 1 and ∼+120 km s−1 for the nearest por-
tion of the stream. Additionally, both systems exhibit
extremely low velocity dispersions, on the order of 3-
8 km s−1. However, stars linking the two systems have
yet to be found. The association between the two is not
obvious. As Gilmore et al. (2013) summarises, ‘are they
just ships passing in the dark night?’
The characteristics of the Orphan stream are clues to
the nature of its progenitor: the arc length and intrinsic
width suggests the parent system must be dark matter-
dominated. Segue 1 is the most dark matter-dominated
system known, such that it has become a prime focus
for indirect dark matter detection experiments (Essig
et al. 2010; Baushev et al. 2012). However, there are
some doubts as to whether Segue 1 has experienced any
tidal effects (Niederste-Ostholt et al. 2009; Simon et al.
2011). Segue 1 is well within the galactic tidal field, and
initial indications of east-west tidal effects (Niederste-
Ostholt et al. 2009) seem to have been complicated by
the crowded region bordering the system (Simon et al.
2011). Presently, no stars or tails clearly connecting the
two systems have been found.
The chemistry of Segue 1 is particularly relevant here.
Segue 1 hosts an extremely wide range in stellar metal-
licities: the mean is found to be [Fe/H] = −2.5 and the
spread extends from [Fe/H] = −3.4 to −1.6 dex (Simon
et al. 2011). There is significant overlap between the
metallicity distributions reported for Segue 1 and the Or-
phan stream. The high-resolution spectra in this study
confirm the wide metallicity range of Orphan stream
members found by Casey et al. (2013a), and indepen-
dently reported by Sesar et al. (2013) ([Fe/H] = −1.5 to
−2.7). Thus, in addition to on-sky position, distances,
velocity, and velocity dispersion, Segue 1 and the Orphan
stream share a wide and consistent range in metallicities.
In contrast to these observables, Vargas et al. (2013) and
Frebel et al. (submitted) find Segue 1 members to be
extremely α-enhanced ([α/Fe] > 0.4), unlike what we
observe in disrupted Orphan stream members.
We note that although the two systems appear to be
related in some respect, if Segue 1 were the ‘parent’ of the
Orphan stream, the differing [α/Fe] abundances and lack
of tidal features surrounding Segue 1 – after extensive ex-
amination – is somewhat puzzling. Furthermore if Segue
1 is the disrupted host, and if the stream metallicity gra-
dient presented by Sesar et al. (2013) is correct, that
implies the stream becomes more metal-rich at greater
distances from the parent system, contrary to what is
typically observed.
5. CONCLUSIONS
We present a chemical analysis of five Orphan stream
candidates, three of which we confirm are true members
from the disrupted Orphan stream parent satellite. The
two non-members were both originally identified to have
‘low’ or ‘medium’ probability of stream membership from
the low-resolution spectroscopy by Casey et al. (2013a).
We encourage high-resolution spectroscopic follow-up of
the remaining high-probability Orphan stream members
presented in Casey et al. (2013a).
This work demonstrates the first detailed chemical
study of the Orphan stream from high-resolution spec-
tra. A large metallicity spread is present in the Orphan
stream members, confirming the work by Casey et al.
(2013a) and Sesar et al. (2013) that the Orphan stream
is not mono-metallic. The spread in overall metallic-
ity is consistent with the internal chemical evolution of
the present-day dwarf galaxies. Detailed chemical abun-
dances confirm this scenario. Low [α/Fe] element ra-
tios are observed in the stream stars, and lower limits
of [Ba/Y] are ascertained, which sit well above the bulk
component of the Milky Way for two of the three stream
members. Thus, we present the first detailed chemical
evidence that the parent of the Orphan stream is a dwarf
galaxy.
On the basis of chemistry, we exclude the extended
globular cluster NGC 2419 as a plausible parent to the
Orphan stream. No firm link between Segue 1 and the
Orphan stream has been identified. While the wide
14 Casey et al
range in metallicities adds to the phase-space similari-
ties between the two systems, the substantial difference
in [α/Fe] abundance ratios places doubt on any associa-
tion. It appears the disrupting dwarf galaxy parent may
reside in the southern sky, just waiting to be discovered.
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